Abstract. As a specific inhibitor of neutrophil elastase, sivelestat sodium hydrate has primarily been used in the treatment of acute lung injury caused by various factors since its approval in 2002. Sivelestat sodium hydrate also improves post-traumatic knee osteoarthritis (KOA), although its underlying mechanisms of action have yet to be elucidated. The aim of the current study was to determine if sivelestat sodium hydrate improves post-traumatic KOA through nuclear factor (NF)-κB in a rat model. Treatment with sivelestat sodium hydrate significantly inhibited the induction of structural changes and significantly increased the vertical episode count and ipsilateral static weight bearing of the joint in KOA rats (all P<0.01). Sivelestat sodium hydrate significantly inhibited tumor necrosis factor-α and interleukin-6 production, serum nitrite levels, inducible nitric oxide synthase protein expression and high mobility group box 1 (HMGB1) secretion in KOA rats compared with the model group (all P<0.01). Sivelestat sodium hydrate also significantly suppressed p50/p65 DNA binding activity and NF-κB and phosphorylated inhibitor of κB protein expression in the joints of KOA rats compared with the model group (all P<0.01). These results suggest that sivelestat sodium hydrate improves post-traumatic KOA through HMGB1 and NF-κB in rats.
Introduction
Knee osteoarthritis (KOA), also known as degenerative osteoarthropathy, is a group of heterogeneous diseases caused by integrity failure of articular cartilage and lesions of the subchondral bone plate of articular cartilage (1, 2) . According to the joint distribution, KOA can be divided into local KOA and general KOA. KOA is characterized by joint pain, joint stiffness, limitation of motion and is caused by friction noise of joint motion (3) . This disease is mostly found in middle-aged people and its incidence increases with age (4), posing a threat to the health and quality of life of middle-aged and elderly people. The pathogenesis of KOA has not been fully elucidated, but it is generally believed that KOA is primarily caused by biomechanical and genetic factors, as well as exogenous factors, including traumatism, bacterial infection or gene mutation, which cause changes in the metabolism of the synovial membrane, cartilage and bone and generate inflammation and structural damage (5, 6) .
Risk factors of KOA include being female, increased age, obesity, a genetic history of KOA and trauma. However, the specific pathogenesis remains unclear. It has previously been reported that adipocytokines secreted by adipocytes and inflammatory factors serve an important role in the development of KOA (7) . Previous studies have found that KOA can increase the production of pro-inflammatory cytokines and adipocytokines, including interleukin (IL)-6, IL-17, tumor necrosis factor (TNF)-α and other inflammatory cytokines (8, 9) . It has also been reported that the occurrence of KOA is not a simple degenerative change of articular cartilage involving non-inflammatory factors: Obesity-induced metabolic inflammation and inflammatory cytokines serve a key role in the pathogenesis of KOA (10) .
Nuclear factor (NF)-κB is a protein complex that can bind specifically to the immunoglobulin K-chain gene enhancer sequence (11) . As the central transcription factor of inflammation and immune reactions, NF-κB can be activated by IL-1, TNF-α and other cytokines and quickly induces the expression of multiple genes through a series of reactions that mainly involve cytokines, inflammatory enzymes and matrix metalloproteinases (12) . It has been indicated that the signal transduction pathway of NF-κB in chondrocytes is activated in a rat model of osteoarthritis (13) .
Sivelestat sodium hydrate is a specific inhibitor of neutrophil elastase that was approved for use in Japan in 2002 and is clinically used for patients with acute lung injury accompanied by systematic systemic inflammatory response syndrome (14) . However, previous studies have indicated that sivelestat sodium hydrate can also protect the heart, lung, liver, kidney, nerve tissue, spinal cord tissue and other organs from functional injury (15, 16) . The goal of the current study was to investigate whether sivelestat sodium hydrate improves post-traumatic KOA through NF-κB in a rat model.
Materials and methods
Animals and study design. Ten-week-old male Sprague-Dawley rats (300-325 g; 10-12 weeks old; n=30) were caged in pairs in a ventilated animal room at a controlled temperature (20-25˚C) and humidity (40-60%), with a 12 h light/dark cycle. They were provided with food and water ad libitum. Rats were randomized into three groups (n=8 per group): A sham group, KOA model group and sivelestat sodium hydrate (ONO-5046) group. Rats from the sham group received normal saline (500 µl) via intraperitoneal (ip) injection. KOA model rats from the model group received normal saline (ip). KOA model rats from the ONO-5046 group received 10 mg/kg/once weekly ONO-5046 (ip; Sigma-Aldrich; Merck kGaA, Darmstadt, Germany) for 4 weeks. Ethical approval was received from the Medical Ethics Committee of Weihai Central Hospital (Weihai, China).
Study design.
In order to establish a KOA model, rat was anesthetized using 35 mg/kg pentobarbital (Sigma-Aldrich) the right medial meniscotibial ligaments were cut and attention was paid not to injure the articular cartilage during the procedure, as previously described (2) . Post-operation, animals were allowed unrestricted activity, ad libitum access to food and water, and housed were under standard conditions (20-25˚C and 40-60% humidity). The right hind knee joints from the sham group were sham-operated using the same approach without inducing medial meniscotibial ligament injury.
Analysis of structural joint changes. After rats were anesthetized using 35 mg/kg pentobarbital (Sigma-Aldrich; Merck KGgA), rats were sacrificed via decollation, the limbs (0.5 cm) were harvested from all three groups, washed with PBS, and embedded in paraffin following fixation for 72 h using 4% paraformaldehyde at room temperature and decalcification using 10% formaldehyde. Right knee joints were cut into serial frontal sections (5-µM thick) and stained using 0.04% toluidine blue from six different depths spanning 0.4 µm of the joint. Structural joint changes were assessed using the Osteoarthritis Research Society International for cartilage degeneration score (17) . Static weight bearing. In a conventional restrainer and separate transducers, rats were habituated to a relatively static position and the average weight on each hindlimb over 5 sec was recorded for five trials. Between the left (contralateral control) and right (ipsilateral) hindlimbs, changes in the hind paw weight bearing distribution were utilized as an index of joint pain-like symptoms in the knees that had undergone surgery. KOA pain and percentage of ipsilateral weight bearing was subsequently calculated as weight on the ipsilateral hind limb divided by weight on both hind limbs multiplied.
Determination of TNF-α and IL-6 production, high mobility group box 1 (HMGB1) secretion and nitrite/nitrate DNA binding activity of NF-κB p50/p65. Blood was collected at 4 weeks after treatment with sivelestat sodium hydrate while rats were under anesthesia (35 mg/kg pentobarbital) and centrifuged at 12,000 x g for 10 min at 4˚C. The supernatant was collected and used to determine the levels of TNF-α (EM010-96) and IL-6 (EM004-96) production and using commercial enzyme-linked immunosorbent assay (ELISA; ExCell Bio, Taichang, China) kits and an ELISA reader (Bio-Rad Laboratories, Inc.) at 405 nm. Nitrite concentrations were measured using a commercial kit (A038; Nanjing Jiancheng Biology Engineering Institute, Nanjing, China) and an ELISA reader (Bio-Rad Laboratories, Inc.) at 540 nm. HMGB1 secretion were measured using a commercial kit (E-EL-R0505c; Elabscience Biotechnology Co., Ltd., Wuhan, China) at 450 nM.
Western blot analysis. Arthrosis tissue samples were collected at 4 weeks after treatment with sivelestat sodium hydrate and homogenized using a radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Nanjing China). The supernatant was collected following centrifugation at 12,000 x g for 10 min at 4˚C and protein concentration was determined using BCA assay (Beyotime Institute of Biotechnology, Nanjing China). Proteins (50 µg) were separated on a 10% SDS polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membranes were incubated overnight at 4˚C with anti-inducible nitric oxide synthase (iNOS; sc-8309; 1:500), anti-NF-κB (sc-109; 1:500), anti-phosphorylated inhibitor of κB (p-IkB; sc-7977; 1:500) and anti-β-actin (sc-7210; 1:2,000) (all from Santa Cruz Biotechnology) following blocking with 5% skim milk powder at 37˚C for 1 h. Membranes were then washed twice with TBS with 0.1% Tween-20 and incubated for 1 h with peroxidase-conjugated secondary antibodies (7074; 1:5,000; Cell Signaling Technology, Inc.) at 37˚C. Protein was measured using Bio-Rad Laboratories 3.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. All data are presented as the mean ± standard error of the mean using SPSS.17.0 (SPSS, Inc., Chicago, IL, USA). Data were analyzed using the Mann-Whitney U test for comparison between two independent groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Sivelestat sodium hydrate suppresses structural changes of the joint in KOA rats. The chemical structure of sivelestat sodium hydrate is presented in Fig. 1 . Structural changes of the joint were assessed in the sham, model and ONO-5046 groups (Fig. 2) . Cartilage degeneration in the model group was significantly greater than that of the sham group (P<0.01). However, following 4 weeks treatment, cartilage degeneration was significantly reduced in the ONO-5046 group compared with the model group (both P<0.01; Fig. 2 ).
Sivelestat sodium hydrate increases vertical episode count in KOA rats. At 4 weeks after treatment, vertical episode count of the joint was significantly lower in the model group compared with the sham group (P<0.01). However, treatment with sivelestat sodium hydrate significantly increased the vertical episode count in KOA rats compared with the model group (P<0.01; Fig. 3 ).
Sivelestat sodium hydrate increases ipsilateral static weight bearing of the joint in KOA rats. At 4 weeks after treatment, ipsilateral static weight bearing of the joint was significantly reduced in the KOA model group rats compared with the sham group (P<0.01). Treatment with sivelestat sodium hydrate significantly increased the ipsilateral static weight bearing of the joint compared with the model group (P<0.01; Fig. 4) .
Sivelestat sodium hydrate suppresses TNF-α and IL-6 production in the joint of KOA rats. To investigate whether sivelestat sodium hydrate affects inflammation in KOA rats, TNF-α and IL-6 production was measured by ELISA. There was a significant increase in both TNF-α and IL-6 production in the model group compared with the sham control group (P<0.01). However, administration of sivelestat sodium hydrate significantly inhibited TNF-α and IL-6 production compared with KOA model rats (P<0.01; Fig. 5 ).
Sivelestat sodium hydrate suppresses serum nitrite levels and iNOS protein expression in the joints of KOA rats. The effect of sivelestat sodium hydrate on serum nitrite levels and iNOS protein expression in the joints of KOA rats was analyzed using ELISA and western blotting, respectively. Serum nitrite levels and iNOS protein expression in KOA model rats were significantly higher compared with the sham group (both P<0.01). However, sivelestat sodium hydrate administration significantly reduced the serum nitrite level and iNOS protein expression, compared with the model group (both P<0.01; Fig. 6 ).
Sivelestat sodium hydrate suppresses HMGB1 secretion in the joints of KOA rats. To investigate the effect of sivelestat sodium hydrate on HMGB1 secretion in the joints of KOA rats, HMGB1 secretion was detected by ELISA. There was a significant increase in HMGB1 secretion in the model group as compared with the sham group (P<0.01). Following treatment with sivelestat sodium hydrate, HMGB1 secretion was significantly suppressed compared with the model group (P<0.01; Fig. 7 ). Sivelestat sodium hydrate suppresses p50/p65 DNA binding activity in the joints of KOA rats. To investigate the effect of sivelestat sodium hydrate on p50/p65 DNA binding activity in the joints of KOA rats, p50/p65 DNA binding activity was evaluated by ELISA. The level of p50/p65 DNA binding activity was significantly increased in the model group compared with the sham group (P<0.01). By contrast, p50/p65 DNA binding activity in KOA rats treated with sivelestat sodium hydrate was significantly inhibited, compared with the model group (P<0.01; Fig. 8 ).
Sivelestat sodium hydrate suppresses NF-κB protein expression in the joints of KOA rats.
To examine the anti-inflammation effect of sivelestat sodium hydrate on KOA, NF-κB protein expression was analyzed using western blotting. NF-κB protein expression was significantly increased in the model group compared with the sham group (P<0.01). However, treatment with sivelestat sodium hydrate significantly reduced KOA-induced NF-κB protein expression in KOA rats compared with the model group (P<0.01; Fig. 9 ).
Sivelestat sodium hydrate suppresses p-IκB protein expression in the joints of KOA rats. To further analyze the anti-inflammation effect of sivelestat sodium hydrate on NF-κB, p-IκB protein expression was detected using western blotting. The results indicated that p-IκB protein expression was significantly higher in the model group compared with the sham group (P<0.01). Following sivelestat sodium hydrate treatment, p-IκB protein expression in KOA rats was significantly suppressed compared with the model group (P<0.01; Fig. 10 ).
Discussion
KOA is a degenerative disease characterized by the progressive loss of cartilage accompanied by subchondral bone destruction, marginal osteophyte formation and joint space narrowing (18) . According estimates from the World Health Organization, the prevalence of symptomatic KOA among people >60 years old worldwide is 9.6% for males and 18% for females, and the disability rate may be as high as 53% (19) . KOA tends to develop in joints that undergo heavy weight bearing and continuous activity (20) . The results of the current study indicated that treatment with sivelestat sodium hydrate Figure 9 . Effect of sivelestat sodium hydrate on NF-κB protein expression in the joints of rats with post-traumatic knee osteoarthritis. NF-κB protein expression was evaluated using (A) western blotting and the data were (B) quantified. Data are presented as the mean ± standard error of the mean. ## P<0.01 vs. sham group, ** P<0.01 vs. model group. ONO-5046, sivelestat sodium hydrate group; NF-κB, nuclear factor-κB. significantly inhibits the induction of structural changes, increases vertical episode count and increases ipsilateral static weight bearing of the joint in KOA rats.
KOA-related cytokines include the inf lammatory cytokines, which mediate matrix damage and inhibit the proliferation of chondrocytes, such as IL-1β, TNF-α and nitric oxide (NO) (21) . IL-1 serves an important role in the pathogenesis of KOA; it is one of the most influential cytokines leading to the functional decline of cartilage (22) . IL-1β and IL-6 also has a wide range of biological effects that may act on a localized area or affect the whole body, and it is involved in inflammatory reactions (23) . In acute and chronic inflammation, IL-1 may cause systemic symptoms, such as fever, muscle consumption and the synthesis of proteins in the acute phase, and local tissue inflammation and destructive lesions (24). In the current study, it was demonstrated that administration of sivelestat sodium hydrate in rats with KOA significantly inhibited TNF-α and IL-6 production compared with model rats. Yoshikawa et al (25) reported that sivelestat sodium hydrate reduced radiation-induced lung injury in mice by inhibiting neutrophil elastase activity and excessive inflammatory reactions. Therefore, sivelestat sodium hydrate improves post-traumatic KOA and may also have anti-inflammatory properties.
At present, the pathogenesis of KOA remains unclear, but it has been confirmed that NO serves an important role in the development of KOA (26) . NO is an important regulatory factor involved in the differentiation and apoptosis of articular cartilage cells (27) . It can inhibit the proliferation of chondrocytes, induce the apoptosis of chondrocytes, inhibit the synthesis of proteoglycan and type II collagen by chondrocytes and promote the decomposition of cartilage matrix (27) . In KOA, iNOS is the key enzyme that induces the production of NO (26) . The current data suggests that sivelestat sodium hydrate significantly reduces serum nitrite levels and iNOS protein expression in KOA rats. Hagiwara et al (14) demonstrated that sivelestat sodium hydrate reduces levels of inflammatory mediators by inhibiting NF-κB.
NF-κB is a central transcription factor involved in inflammatory and immune reactions. It usually exists in the cytoplasm in the form of a p50-p65 heterodimer, which is predominantly in an inactivated state, bound to the inhibitory protein IκB (28) . Under appropriate stimuli, NF-κB in the cytoplasm dissociates from IκB and enters the cell nucleus, a process known as nuclear translocation (29, 30) . NF-κB can be activated by many factors, including TNFs and ILs. Once in the cell nucleus, activated NF-κB binds with the specific sequences of the promoter/enhancer regions of target genes and regulates gene expression (31, 32) . The activated NF-κB signal transduction pathway may lead to the transcription of a series of downstream target genes, which trigger biological effects including the production of inflammatory factors and the induction of chondrocyte apoptosis (13) . The results of the present study also indicated that sivelestat sodium hydrate suppresses p50/p65 DNA binding activity, NF-κB and p-IkB protein expression in the joints of rats with post-traumatic KOA. This is in accordance with a study by Hagiwara et al (33) , which demonstrated that sivelestat sodium hydrate reduces the levels of inflammatory mediators by inhibiting NF-κB.
HMGB1 is a type of alarmin that can activate the innate immunity and acquired immune response and is involved in the development of many diseases (34) . Binding between the DNA-binding domain of HMGB1 in the cell nucleus and a minor groove in the double helix can cause DNA structural changes that affect DNA transcription, repair, replication and nucleosome stability (35) . Extracellular HMGB1 secretion may promote an inflammatory reaction by binding to the HMGB1 receptor (36) . It has previously been demonstrated that extracellular HMGB1 is a potential induction factor of inflammation, and HMGB1 monoclonal antibodies are effective at treating hepatonecrosis caused by septicopyemia, stroke and other conditions (37, 38) . Furthermore, it has been reported that arthritis can be induced by injecting HMGB1 into rat joints, and that HMGB1-targeted treatment can effectively prevent the development of arthritis in experimental animal models (35) . The current findings indicate that treatment with sivelestat sodium hydrate significantly suppresses HMGB1 secretion in KOA rats compared with the model group. In addition, Hagiwara et al (14) reported that sivelestat sodium hydrate reduces lung injury following endotoxin-induced shock through suppression of HMGB1 in rats.
In conclusion, the results of the current study indicate that sivelestat sodium hydrate inhibits the induction of structural changes, increases vertical episode count and ipsilateral static weight bearing of the joint in KOA rats, and may exert an anti-inflammatory effect due to inhibition of HMGB1 and NF-κB, as well as NO secretion. Further studies will be required to elucidate whether sivelestat sodium hydrate induces an anti-inflammatory effect on KOA or other diseases.
